The earliest branching event in winged insects, one of the core problems regarding early insect evolution, was addressed using characters of the head. The head is arguably one of the most complex body regions in insects and the phylogenetic information content of its features has been demonstrated. In contrast, the wings and other body parts related to the flight apparatus and sperm transmission are not useful in the context of this problem, as the outgroups (silverfish and bristletails) are wingless and transmit spermatophores externally. Therefore, they show profound differences in the organization of the postcephalic body, and assessment of homology and subsequent phylogenetic analysis of features of these body regions is extremely difficult. The core of this study is the investigation of head structures of representatives of the major clades of dragonflies. A detailed description of the head of Lestes virens is presented and was used as a starting point for the compilation of a character set and a character state matrix for the entire Dicondylia (winged insects + silverfish), with a main focus on the placement of dragonflies and consequently the basal branching event within winged insects. Our results indicate a sister-group relationship between a clade Palaeoptera (dragonflies + mayflies) and the megadiverse monophyletic lineage Neoptera. We show that despite considerable structural similarity between the odonate and neopteran mandible, the muscle equipment in dragonflies is more plesiomorphic with respect to Dicondylia than previously known. Odonata and Ephemeroptera also share presumably derived features of the antenna, maxilla, and labial musculature. Parsimony analyses of the head data unambiguously support a clade Palaeoptera.
Whole tagmata have been successfully used to infer insect phylogenies Friedrich and Beutel, 2010) . Generally, head, thorax and abdomen each provide a rich set of phylogenetically informative characters. However, in the case of the earliest branching events within winged insects (Pterygota), i.e. the relationships between dragonflies (Odonata), mayflies (Ephemeroptera), and all remaining winged insects (Neoptera), fundamental problems become apparent. Evolution of the flight apparatus caused a drastic redesign of the thoracic morphology. This makes a reliable homologization of several thoracic elements between wingless (apterygote) and winged (pterygote) lineages highly problematic (Beutel and Gorb, 2006) . In a phylogenetic context, the definition of characters (primary homology hypotheses) is often difficult or impossible. This impedes a formal phylogenetic evaluation of thoracic features using the outgroup criterion. A similar dilemma exists with characters related to the reproductive system due to the drastically different mode of sperm transfer, i.e. externally deposited spermatophores versus internal fertilization using an intromittent organ (Boudreaux, 1979; Witte and Doring, 1999) . Moreover, homologizing reproductive elements between some neopteran taxa, i.e. within the same functional assemblage showing direct sperm transfer, is problematic (Klass, 2009) . Again, this impedes the homologization between wingless and winged insect lineages and character state polarization. Nonetheless, these character systems have been used for decades to reconstruct the basal splitting in winged insects (Boudreaux, 1979; Kristensen, 1975 Kristensen, , 1998 Kukalova´-Peck, 1997 Solda´n, 2003) .
Basically, our approach is to infer the general evolutionary trends of these problematic organ systems indirectly by choosing another body region. The head is suitable as it is not directly affected by the evolution of the flight apparatus or the modified sperm transfer. The homologization of head structures between bristletails (Archaeognatha), silverfish (Zygentoma), and the winged lineages of insects (Pterygota) is straightforward and unproblematic, with the possible exception of the hypopharyngeal complex. It was demonstrated that the homology of head muscles between primarily apterygote and winged groups of insects can be assessed without particular problems (Denis and Bitsch, 1973; Matsuda, 1965) . Numerous detailed morphological investigations have been carried out concerning Ephemeroptera and Odonata (Mathur and Mathur, 1961; Short, 1955; Staniczek, 2000 Staniczek, , 2001 Strenger, 1952 Strenger, , 1954 Strenger, , 1970 Strenger, , 1975 , but with limited taxon sampling, randomly chosen taxa in different studies, and without a formal, numerical evaluation. Consequently, in this comparative study of head structures we attempted not only to acquire detailed data for the hitherto under-represented taxa dragonflies (Odonata) and mayflies (Ephemeroptera), but also a broad spectrum of representatives of other insect lineages.
The relationships of the three basal winged lineages (Odonata, Ephemeroptera, and Neoptera) is one of the major unsolved problems in entomology (Klass, 2007; Kristensen, 1991) . All three possible solutions have been proposed and are still under discussion. A sister-group relationship between Ephemeroptera and Odonata (Palaeoptera hypothesis) has been advocated based on characters of the wing venation and articulation as well as maxillary configuration (Bechly et al., 2001; Brauckmann and Zessin, 1989; Haas and Kukalova´-Peck, 2001; Hennig, 1969; Hovmo¨ller et al., 2002; Kukalova´-Peck, 1997 Solda´n, 2003; Wheeler et al., 2001; Willkommen and Ho¨rnschemeyer, 2007) .
A sister-group relationship between Ephemeroptera and Neoptera (Chiastomyaria hypothesis) is suggested by the mode of direct sperm transfer, indirect flight musculature, and molecular analyses based on rRNA genes (Boudreaux, 1979; Kjer, 2004; Mallatt and Giribet, 2006; Matsuda, 1970; Simon et al., 2009) . A sistergroup relationship between Odonata and Neoptera (Metapterygota hypothesis) is hypothesized, for example, based on features of the mandibles and the respiratory system, and also by molecular data (Beutel and Gorb, 2006; Kristensen, 1991; Ogden and Whiting, 2003; Pass et al., 2006; Staniczek, 2000 Staniczek, , 2001 Terry and Whiting, 2005; Wheeler et al., 2001 ). Finally, most recent studies based on primary sequence data of complete mitochondrial genomes (Lin et al., 2010; Zhang et al., 2010 ) supported a clade Ephemeroptera + Plecoptera as sister group to all remaining pterygotes, thus challenging the monophyly of Neoptera.
Issues concerning the relationships between Ephemeroptera, Odonata, and Neoptera have often been addressed as the ''Palaeoptera problem'' (Hovmo¨ller et al., 2002; Ogden and Whiting, 2003; Whitfield and Kjer, 2008) , which implies a problematic grouping of Ephemeroptera + Odonata. The appearance of Ephemeroptera, Odonata, and the neopteran orders in a geologically relatively short time span-probably some time during or after the Devonian (Engel and Grimaldi, 2004; Gaunt and Miles, 2002; Grimaldi and Engel, 2005 )-has been followed by a long period in which these lineages have evolved separately. This specific evolutionary pattern, previously described as an ''ancient rapid radiation'', has been assumed to necessarily hamper phylogenetic reconstructions (Kjer et al., 2006; Rokas and Carroll, 2006; Whitfield and Kjer, 2008; Whitfield and Lockhart, 2007) as all evolutionary changes useful to display the branching patterns of Ephemeroptera, Odonata, and Neoptera must have been accumulated in the short branches linking these lineages, whereas subsequent changes occurring in the branches leading to the terminal groups do not provide information about their relationships.
To contribute to a resolution of this persistent problem, we studied the complex head anatomy of representatives of all major insect lineages, including a bristletail, a silverfish, eight species of mayflies, seven species of dragonflies, and 30 representatives of all major neopteran lineages. Eighteen taxa are represented by original data.
In terms of available morphological data dragonflies are an unusual case. Whereas the thoracic (Pfau, 1986 (Pfau, , 1991 Willkommen, 2009; Willkommen and Ho¨rnsche-meyer, 2007) and abdominal morphology (Klass, 2008; Matushkina, 2008a,b; Pfau, 2002 Pfau, , 2005 Whedon, 1918) have been intensively studied, the head has been largely neglected. The latest treatments of dragonfly head anatomy (Asahina, 1954; Hakim, 1964; Mathur, 1962; Mathur and Mathur, 1961; Short, 1955; Strenger, 1952) were insufficient for a clarification of the systematic position of the order (Wipfler et al., 2011) . Consequently, our primary aim is a detailed examination and documentation of dragonfly head structures. The data obtained, combined with information from specific morphological studies and comparative investigations, form the basis of a new assessment of the systematic position of dragonflies, which is crucial for our understanding of the early evolution of the most successful group of organisms.
Material and methods
Anatomy was investigated using synchrotron microcomputed tomography (SR-microCT) (Betz et al., 2007) . Prior to scanning, samples were critical-point dried (Model E4850, BioRad) and mounted on specimen holders. Except for Siphlonurus lacustris and Thermobia domestica, all specimens were scanned at the beamline BW2 ⁄ DORIS III at the Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) using a monochromatic X-ray beam at 8 keV photon energy. The tomography station operated by Helmholtz-Zentrum Geesthacht (HZG, Geesthacht, Germany) is optimized for performing high-density resolution microtomography (Beckmann et al., 2008) . T. domestica was scanned at beamline TOMCAT at the Swiss Light Source, Paul Scherrer Institut (PSI, Villigen, Switzerland) and S. lacustris at the high-resolution computed tomography scanner v|tome|·s (GE phoenix|x-ray, Steinmann-Institut, Bonn, Germany) ( Table 1) . Subsequent segmentation and rendering was accomplished with Reconstruct (Fiala, 2005) and Blender (http://www.blender.org). Both software packages are distributed under the GPL licence. Final tables were edited with GIMP (GPL), Adobe Photoshop Ò , and Adobe Illustrator Ò (Adobe Corp., San Jose, CA).
Readers not familiar with insect head morphology are encouraged to check the supporting information for this paper (Data S4) . A three-dimensional model of the head of Lestes virens is presented in this file, which facilitates the identification of internal structures. The underlying program ''Blender'' can be downloaded free of charge under the GPL licence from http://www.blender.org. For instructions, http://wiki.blender.org/index.php/ Doc:Manual can be used.
For scanning electron microscopy (SEM), specimens were transferred in a series of steps into 100% ethanol, critical-point dried (Model E4850; BioRad, Hercules, CA), and sputter coated (Model; Hummer VII, Anatech, Union City, CA). Microscopy was performed on a Hitachi S-2460N using a new type of rotatable sample holder (Pohl, 2010) . Additional information for taxon sampling was obtained from the literature (Table 2) .
We consistently use the term ''suture'' for ecdysial cleavage lines (DuPorte, 1946 (DuPorte, , 1957 Snodgrass, 1947) and ''ridge'' for any cuticular strengthening lines or ridges (Snodgrass, 1935 (Snodgrass, , 1947 Strenger, 1952) . We avoid the term ''sulcus'' completely because this refers to a fissure between bones. Morphological definitions and structure designations follow Seifert (1995) .
Literature sources were partly used for character 19 (Staniczek, 2000) and for characters 35, 36, 37, 38, 39, 40, 45, and 46 (Pass et al., 2006; Pass, 2000) .
Phylogenetic analyses
Parsimony analyses of the morphological character set and Bremer as well as bootstrap support calculations were carried out with TNT (Goloboff et al., 2008) using 1000 heuristic searches starting with random addition of taxa (TBR branch swapping). All characters were equally weighted and unordered. Only unambiguous changes were mapped on the tree. Optimizations were analysed with WinClada ver. 1.00.08 (Nixon, 2002) . To explore evolutionary implications of alternative hypotheses we used constrained tree reconstruction (CTR) executing the ''move branch mode'' in WinClada. These CTRs were Metapterygota [Ephemeroptera (Odonata + Neoptera)], Chiastomyaria [Odonata (Ephemeroptera + Neoptera)], and paraphyletic Neoptera [Odonata + ((Ephemeroptera + Plecoptera) + other Neoptera))] (Lin et al., 2010) . The following abbreviations are used for these hypotheses: Palaeoptera, PP; Metapterygota, MP; Chiastomyaria, CM; paraphyletic Neoptera, PN. In addition to the parsimony approach, we also conducted maximum-likelihood (ML) and Bayesian inference (BI) analyses. To model morphological characters by these methods, the Mk (for Markov with k-states) model has been introduced by Lewis (2001) . The Mk model is a generalization of the Jukes-Cantor model (Jukes et al., 1969) , assuming all states have the same frequency and all transitions between different states occur at the same rate (Allman et al., 2009; Lewis, 2001) . In the present study, ML analyses were conducted with RAxML ver. 7.2.6 (Ott et al., 2007; Stamatakis, 2006; Stamatakis et al., 2005 ). The Mkv model was applied, with all model parameters estimated from the data, and rate heterogeneity across characters was considered by applying the gammamodel of Yang (1994) with four discrete categories. Node support was estimated with 1000 Bootstrap replicates.
BI was conducted using MrBayes ver. 3.2 (Huelsenbeck and Bollback, 2001; Ronquist and Huelsenbeck, 2003) . Again, the Mk model was applied, with among-character rate variation modelled with gammadistributed rates across characters with four discrete rate categories. Priors were set adopting the default settings of MrBayes. Two parallel analyses were run with random starting trees and four Metropolis coupled Markov chains for 1000 000 generations. Every 100th generation was sampled to yield a posterior probability distribution of 10 000 trees. After discarding the first 1000 trees of each run as burn-in, a 50% majority rule consensus tree was calculated from the concatenated sample trees of both runs.
The matrix is based on those presented in Wipfler et al. (2011) and (Data S2 and S3) , extended by 38 new characters. Eighteen characters of Wipfler et al. (2011) were excluded from our analysis Table 2 Taxa used in the morphological data matrix and the corresponding data source; original data from and Wipfler et al. (2011 Beutel & Vilhelmsen (2007) as their homologization between taxa is unclear (Data S3) . In the descriptions and tree figures, species are referred to by generic names only.
Results

Head morphology of Lestes virens
The orthognathous head (mouthparts ventrally oriented) is strongly sclerotized and the surface is covered with a moderately dense vestiture of setae (Fig. 1a,b) . It is more than twice as wide as long. Approximately 40% of its width is occupied by the large, dome-shaped, laterally positioned compound eyes. They are placed on sockets formed by the enlarged postgenae, thus facing slightly forward. Anteriorly the eyes are approximately twice as broad as posteriorly (Fig. 2a) . Each eye comprises more than 20 000 ommatidia and is internally enclosed by a strongly developed, wide circumocular ridge (cor). Mesally, the compound eyes do not touch each other.
The short coronal (cs) and frontal sutures (fs) or ecdysial cleavage lines are visible as an inverted ''Y'' on the dorsal head region in frontal view (Figs 1a and 2a). Three ocelli (moc, loc) are present between these sutures close to their junction point. The frontal sutures do not reach the circumantennal ridges (car). The coronal suture (cs) is confluent with the transversely oriented occipital ridges (ocr), which are continuous with the internal circumocular ridges (cor). Posterior to the occipital ridge lies an occipital bar (ocb), which has a transverse orientation and is about as long as the width of the vertex (v, Fig. 2a ). The occiput (oc) forms the major part of the backside of the head and bears the cephalic part of the head arresting system, which is responsible for the support and fixation of the head in different situations (see Gorb, 1999) . It is composed of two vertically oriented oval fields of microtrichia on both sides of the foramen occipitale.
The postocciput around the posterior head opening or foramen occipitale is small and partly separated from the other head regions by an incomplete postoccipital ridge, which forms an incomplete arch above the foramen occipitale. It is dorsolaterally interrupted on both sides, thus represented by a dorsal nearly horizontal part and two lateral vertical parts. The foramen is roughly oval and narrow. The narrowed neck region and cervical membrane result in a high mobility of the head in the roll, pitch, and yaw planes.
The oval antennal foramina are surrounded by complete circumantennal ridges (car) and interconnect by a distinct interantennal ridge (iar, Fig. 1a ). An antennifer, frequently encountered in other insects, is absent. The large clypeus is divided into an ante-and postclypeus. The latter appears broader and horizontally oriented in lateral view, whereas the anteclypeus has a vertical orientation (Fig. 2c) . The anteclypeus is not membranous, but as heavily sclerotized as the postclypeus (same thickness and material density in the microCT data). Despite this, the anteclypeus is ''softer'' than the stiff postclypeus and therefore clearly distinguishable from the latter (see also Asahina, 1954) . The frons (fr) is separated from the postclypeus (pcl) by a strong, transverse epistomal ridge (er, Fig. 1a ). The interantennal ridge (iar) subdivides the frons into an anterior bead-like part and a posterior flat and more vertically oriented region in lateral view (Fig. 2c) . In frontal view the entire clypeus has a trapezoid shape (Fig. 1a) . The anterior tentorial pits (atp) are continuous with the pleurostomal ridge, which is curved posteriorly and confluent with the hypostomal ridge. The subgenal ridge (= hypostomal + pleurostomal ridge) is not connected with the circumoccular ridge.
The anterior elements of the cuticular head exoskeleton (anterior tentorial arms ''ata'', Fig. 3d ) are short, massive, and twisted. Protuberances emerge at their ventral base and extend into the lumen of the mandibles. They serve as origin for mandibular muscles (0md6 and 0md8, Fig. 3c ). The dorsal tentorial arms (dta) also originate from the basal part of the anterior arms (Fig. 3d) . They are thin, twisted, and merge with the head capsule directly dorsad of the antennal origin. The attachment points are externally recognizable as dorsal tentorial pits (dtp, Fig. 1a ). All antennal muscles originate from the dorsal tentorial arms. The corpotentorium (ct, Fig. 3a ) is compact and cylinder-shaped. Oesotendons are absent. The posterior tentorial arms are very short and originate from the head capsule, directly proximad of the articulation of the basal maxillary element (cardo). This is externally visible by deepened posterior tentorial pits. Short but thick apodemes, the trabeculae tentorii, originate from the ventral side of the posterior tentorial pits. They serve as attachment areas for the tentoriostipital muscles 0mx4 and 0mx5.
The anteriorly rounded, parabolic labrum partly covers the mandibles and is movably connected with the slightly rounded anterior anteclypeal margin by a membranous fold, allowing movement. It bears a vestiture of setae (Fig. 1b) .
The short and thin antennae are composed of scapus, pedicellus, and three flagellomeres (Fig. 1a) . Articulations between scapus, pedicellus, and flagellum are absent. The scapus is about half as long as the pedicellus but twice as wide. The first and second flagellomere are equally long. The terminal flagellomere is very short. Antennal circulatory organs (ampullary formations and antennal vessels) as well as the corresponding muscles are absent. We found no indication of any other structure which might be responsible for transportation of haemolymph into the antennae. anteclypeus; atp, anterior tentorial pit; car, circumantennal ridge; cl, clypeus; cor, circumoccular ridge; cs, coronal sulcus; er, epistomal ridge; fl, flagellum, fr, frons; fs, frontal sulcus; gla, galeolacinia; iar, interantennal ridge; lb, labrum; lp, labial palpus; md, mandible; mh, moveable hook; ml, median lobe; moc, median ocellus; mp, maxillar palpus; loc, lateral ocellus; pcl, postclypeus; pe, pedicellus; sc, scapus; sg, subgena; st, stipes; v, vertex. Scale bar = 1 mm.
Articulation of the heavily sclerotized, slightly asymmetric mandibles is of the dicondylic (two articulations) ball-and-socket type (Fig. 4a,c) . The mandible is triangular in dorsal view. At the mandible base the anterior articulation (ama, Fig. 4a ) is a socket whereas the posterior articulation (pma, Fig. 4c ) is a distinct knob with its respective counterparts (socket and knob) at the head. The gnathal edges of the left and right mandibles are almost symmetrical. Each mandible bears three incisivi and a z-shaped mesal edge formed by four strongly sclerotized prominences connected by sharp ridges (Fig. 4b) . Additionally, the mandible bears cl, clypeus; cs, coronal sulcus; fl, flagellum; fr, frons; gla, galeolacinia; lb, labium; loc, lateral ocellus; lp, labial palpus; m, membrane; md, mandible; mh, moveable hook; ml, median lobe; moc, median ocellus; mp, maxillar palpus; oc, occiput; ocb, occipital bar; ocr, occipital ridge; pcl, postclypeus; pe, pedicellus; sc, scapus; st, stipes; v, vertex. Scale bar = 1 mm. several rows of setae on the anterior and posterior surfaces. The maxillae are long and slender. The undivided triangular cardo is clearly separated from the stipes by a groove harbouring a very narrow membrane. The stipes is a rectangular plate that is subdivided by the stipital ridge into a narrow basistipes and a much larger mediostipes (Fig. 4d,e) . Its distal part bears an unsegmented palpus covered with setae (mp, Fig. 4d ). Mesally an oblique ridge separates the sickle-shaped lacinia from the stipes. The lacinia is not moveably connected to the stipes. The mesal side of the lacinia is armed with a row of long setae, two apical incisivi, and five subapical, paramesal dentisetae. A galea is absent.
The labium consists of a basal postmentum (pm) and a distal prementum (prm, Fig. 5d ). The postmentum is a Abbreviations: ama, anterior mandibular articulation; ca, cardo; dse, dentisetae; eh, end hook of labial palp; gl, glossa; gla galeolacinia; hy, hypopharynx; inc, incisivus; inc1, frist incisivus of mandible; inc2, second incisivus of mandible; inc3, third incisivus of mandible; lac, lacinia; lp, labial palp; mh, moveable hook of labial palp; ml, median lobe; mo, mola; mp, maxillar palp; mr, mesal ridge; pma, posterior mandibular articulation; pgl, paraglossa; prm, prementum; pst, prostheca; set, setae; sli, superlinguae; st, stipes. Mouthparts not to scale among each other. rectangular plate that is reinforced dorsally, ventrally, and laterally by heavily sclerotized bars. The short and broad prementum forms a right angle with the postmentum that is visible in lateral view. Apically it bears paired one-segmented palps and paired median lobes. The palps are flat and densely covered with setae, especially on the outer side. Apicomesally they bear a fixed subapical hook (eh, Fig. 5c ). A second movable hook (mh) is present distad of this hook (Fig. 5c ). The median lobes are a fusion product of glossae and paraglossa (see Discussion). Mesally the two lobes are connected by a sclerotized stripe which is approximately two-thirds as long as the lobes themselves. The ventral side of the lobes is densely covered with setae. The palps and median lobes together form a cavity for reception of the hypopharynx and maxillae. The hypopharynx is a ventrally oriented tongue-like structure in front of the prementum. It is weakly sclerotized and bears no anterior or posterior plates. A conspicuous row of setae is present on the lateral The salivary glands are paired, mesally connected globular structures located directly ventrad of the deutocerebrum and dorsad of the salivary receptacle. The paired salivary ducts fuse before opening into the salivary receptacle, which is anteriorly continuous with an unpaired salivary channel. The channel opens into the salivarium posterad of the hypopharynx.
Pharynx and oesophagus have a wide lumen. Several dorsal, lateral, and ventral folds serve for muscle attachment.
Comparison with Siphlonurus lacustris
The following statements are restricted to features differing from descriptions in earlier studies and characters relevant for the discussion. A detailed description of ephemeropteran head morphology with comparisons between several taxa can be found in Staniczek (2000 Staniczek ( , 2001 .
Head distinctly longer than wide and oval in frontal view (Fig. 1c) . Compound eyes not protruding but integrated in the outline of the head capsule (Figs 1c and  2b ). Coronal and frontal sutures very delicate, scarcely recognizable. Labrum (lb) parabolic (Fig. 1d) . Clypeus (cl) not subdivided into ante-and postclypeus. Epistomal ridge (er) present, confluent with anterior tentorial arms and separating frons (fr) from clypeus (cl). Frons (fr) wide, subdivided by an interantennal ridge (iar), turned inwards laterally of the epistomal ridge on both sides, thus in contact with the anterior mandibular articulation complex. Infolded frontal region gradually narrowing towards posterior mandibular articulation and continuous with it (see Staniczek, 2000 for a detailed description of this structure). Ocelli sunk below cuticular and epidermal surface, not visible externally. Vertex (v) without protuberances and not clearly separated from the rest of the head capsule. Scapus very short and sunk into lumen of head capsule (Fig. 2d) ; pedicellus five times longer than scapus; flagellum tensegmented. Occiput without transverse bar. Head arrester system absent.
Mandible with movable prostheca (pst), lamellar mola (mo), and two incisivi (inc1 + 2); mesal ridge absent (Fig. 4a-c) . Posterior articulation (pma) formed by heavily sclerotized bar; anterior articulation complex (ama) with hollow concavity for reception of inflected frontal part of head. Saddle-like, ventrally bent groove originates immediately caudad the paratentorial joint (Fig. 4a , see also Staniczek, 2000 Staniczek, , 2001 . Cardo undivided; stipes divided into basi-and mediostipes; mediostipes with distinct indentation (attachment for tentoriostipital muscles) on its ventral side near the three-segmented palp (Fig. 4e) . First palpomere nearly twice as long as second and third, respectively. Galea and lacinia connected by membrane along entire length and still discernible as separate structures ( Fig. 4e ; see Discussion). Lacinia with one apical incisivus and subapical dentisetae (Fig. 6) . Labium composed of pre-and postmentum and paired glossae and paraglossae (Fig. 5a ). Premental cleft absent but ventral premental apodeme present (Fig. 5b) . Labial palpus threesegmented; first palpomere twice as wide and 1.5 times longer than second and third, respectively. Glossae and paraglossae separated from each other, short and globular. Hypopharynx composed of median lingua and paired lateral superlinguae (Fig. 5a ). Superlinguae flat and spoon-shaped, apically with mesally directed setae. Lingua densely covered with setae.
Phylogenetic analyses
External and internal characters were scored for two outgroup and 31 ingroup taxa covering Archaeognatha, Zygentoma, Ephemeroptera, Odonata, several polyneopteran lineages, Acercaria, Zoraptera, and Endopterygota ( Table 2 ). The matrix comprises 19 characters of dse inc set Fig. 6 . The fused apical lobes of the maxilla (galea + lacinia = galeolacinia) of Siphlonurus lacustris showing clearly the dentisetae and the single incisivus of the lacinia. Abbreviations: dse, dentisetae; inc, incisivus of lacinia; set, setae. Scale bar = 100 lm. the head capsule, six labral characters, 22 characters of the antennae, 13 tentorial characters, 13 mandibular characters, 17 characters of the maxillae, 33 labial characters, and 16 characters of the hypopharynx, salivarium and oesophagus (Data S2). Our morphological investigation clarifies many seemingly ambiguous Fig. 7 . Strict consensus tree derived from the TNT parsimony analysis of the morphological data matrix. Support values derived from parsimony, likelihood and Bayesian inference analyses. ''X'' indicates no support or a bootstrap support lower 50 and a posterior probability lower than 0.5, respectively. features used in earlier studies [e.g. the presence (20) and shape of the tormae (21), dentisetae (83) , glossae (96), and paraglossae (99, 100); see also Wipfler et al. (2011), characters 34, 35, 52, 61, 62 and 63] . In the following support values will be stated in parentheses with the following order: (Bremer support | parsimony bootstrap | Bayes posterior probability | RaxML bootstrap value).
All analyses recover Pterygota with strong support (Fig. 7; 12|99|1 .0|100). Parsimony analyses with TNT result in two equally parsimonious trees. In a strict consensus [298 steps; consistency index (CI) = 57, retention index (RI) = 73] Pterygota (winged insects) are divided into two clades: Palaeoptera (dragonflies + mayflies, 3|59|.94|83) and Neoptera (all remaining winged insects, 1|X|X|59). ML and BI analyses produced the same branching pattern for all taxa except Labidura (Dermaptera) and Embia (Embioptera), which are sister groups in these analyses (Fig. 7) . Embioptera is recovered as sister to Phasmatodea and Dermaptera as sister to Embioptera + Phasmatodea in the parsimony analysis.
The monophyly of Pterygota is strongly supported in our parsimony analyses by a series of unique autapomorphies (Fig. 8a) (Fig. 8b-d) . The fusion of the posterior and anterior tentoria (47 : 1) optimizes as another unique autapomorphy of Pterygota in our analysis but is probably homoplastic as it seems to be paralleled in Maindroniidae among zygentomans (Koch, 2003) , which we have not yet included into our taxon sampling.
All insect orders sampled by more than one species are monophyletic. Odonata are monophyletic (16|100| 1.0|100) with Zygoptera (damselflies) as sister group of a clade Anisozygoptera + Anisoptera [= Epiprocta fide Lohmann (1996) ].
Ephemeroptera were confirmed as monophyletic (8|98|1.0|97). Our analysis revealed four potential autapomorphies ( Fig. 8a) : non-functionality of adult mouthparts (18 : 1), a channel-like anterior mandibular joint (66 : 1), a lacinia with one incisivus (82 : 2), and absence of salivary glands and ductus (126 : 1). CTRs resulted in one additional autapomorphic feature for Ephemeroptera, the fusion of the galea and lacinia (77 : 1). The channel-like anterior mandibular joint (66) was not retrieved as an autapomorphy under this scenario. CTR for the CM hypothesis produced the same apomorphies as MP, and a regain of the channel-like anterior mandibular joint (66 : 1) as a potential autapomorphy. Under the PN hypothesis non-homoplasious characters of the CM hypothesis remained stable, but the number of homoplasious character transformations was drastically increased (Fig. 8d) .
The monophyly of Neoptera is unambiguously supported by the loss of M. tentorio-mandibularis lateralis superior (0md5; 71 : 1). CTRs of Metapterygota and Chiastomyaria optimize a membranous anteclypeus (17 : 0), the origin of the antennal muscle 0an1 at the anterior and dorsal tentorial arms (31 : 4), and the absence of 0md5 (71 : 1) as neopteran autapomorphies. If Neoptera are enforced as paraphyletic (Lin et al., 2010) , the origin of the antennal muscle 0an1 at the anterior and dorsal tentorial arms (31 : 4) is the only potential autapomorphy of a restricted neopteran clade excluding Plecoptera.
A Palaeoptera clade is favoured by all shortest trees and is unambiguously supported by the following autapomorphies (Fig. 8a) : a pedicellus longer than the scapus (27 : 0), the loss of antennal circulatory organs in adults (38 : 1), dentisetae (83 : 0) , and the loss of labral muscle 0la14 (122 : 1). Support for Palaeoptera is lower in the parsimony-based tree reconstructions (Bremer and bootstrap) and higher in model-based approaches (likelihood and Bayes).
CTR of the MP hypothesis produced a tree four steps longer (Fig. 8b) . This suboptimal tree optimizes the loss of the anterolateral part of the anterior mandibular articulation (paratentorial joint; 67 : 1) and M. craniomandibularis externus anterior (0md2; 69 : 1) as autapomorphies of Metapterygota.
CTR of CM resulted in a tree eight steps longer and is not supported by any head character (Fig. 8c) . Simulated PN following the hypothesis of Lin (2010) (Fig. 8d) requires 12 additional steps and is also not supported by any character.
Discussion
Pterygota are also strongly supported by head characters A single origin of winged insects (Pterygota) is generally accepted, even though it was disputed in several earlier publications (La Greca, 1980; Matsuda, 1981) . However, the monophyly of Pterygota was until now poorly supported by characters of the head. The fusion of the anterior and posterior tentorial elements was the only autapomorphy mentioned in previous works (Bitsch and Bitsch, 2002; Grimaldi and Engel, 2005; Koch, 2003) but occurs at least in Mandroniidae (Zygentoma) as well.
Our investigation shows that a Pterygota clade is indeed well supported by derived features of the head (see Fig. 8 and Appendix).
Evidence for palaeopteran monophyly
A sister-group relationship between dragonflies and mayflies was not previously supported by any character of the head. Features of the mandibular articulation and muscle equipment strongly pointed towards a Metapterygota clade (Staniczek, 2000 (Staniczek, , 2001 . In the present study, all lead characters potentially supporting alternative concepts (e.g. Metapterygota, Chiastomyaria) are taken into account. Nevertheless, a clade Palaeoptera (Odonata + Ephemeroptera) is consistently supported in all analyses using the entire set of characters of the head, although support levels are lower in parsimony-based tree reconstructions (Fig. 7) .
A Palaeoptera clade comprising Odonata, Ephemeroptera, and some extinct Palaeozoic insect groups was first proposed by Martynow (1924) and Crampton (1924) . Since then, various potential synapomorphies have been presented, including shortened antennae (Hennig, 1969) , aquatic larvae (Ax, 1999), the distinct wing joint (Haas and Kukalova´-Peck, 2001; Kukalova´-Peck, 1997; Willkommen and Ho¨rnschemeyer, 2007) , and a paired penis (Bechly et al., 2001) . Palaeoptera was also supported in several molecular studies (Hovmo¨ller et al., 2002; Ishiwata et al., 2011; Kjer et al., 2006; Simon et al., 2010; Wheeler et al., 2001 ). Most of the morphological arguments are problematic: Palaeozoic dragonflies, mayflies, and other palaeopterans possessed multisegmented antennae (Brauckmann and Zessin, 1989; Klass, 2007; Kukalova´-Peck, 1983; , which implies that the antennal shortening of mayflies and dragonflies occurred independently. Paired penises also occur in Grylloblattodea and Dermaptera (Bechly et al., 2001; Klass, 2007) and the homology in all groups concerned is problematic due to differences in ontogeny and structure (Bechly et al., 2001) . Characters related to the wing or wing joint suffer from unclear character polarity as all potential outgroups are wingless (Beutel and Gorb, 2006; Whitfield and Kjer, 2008) . Fossil stem group representatives of winged insects may clarify the ancestral articulation and mode of flight, but
are not yet known. The argument of aquatic larvae is weak. Aquatic immature stages also occur in stoneflies (Plecoptera) and have evolved several times independently in Holometabola (Grimaldi and Engel, 2005) .
We are aware that the presumptive apomorphies for Palaeoptera (Fig. 8a) need further scrutiny and critical re-evaluation using well-documented morphological characters of all body parts and ⁄ or extensive molecular data. Variations of the antennal organization frequently occur in pterygotes (Kristensen, 1991; and generally seem to correlate with antennal size reduction. The study of more recent and extinct taxa may reveal whether an elongated pedicel is obligately correlated with antennal size reduction or an independent character synapomorphic for Ephemeroptera and Odonata. Presently available information supports the view that the distinct length ratio of the scapus and pedicellus is a unique feature of Palaeoptera and evolved only once.
The entire lack of antennal vessels in Ephemeroptera and adult Odonata was discussed by Pass (1991) and Pass et al. (2006) : in early instar nymphs of Odonata a sac-like frontal sinus is present and connected to the antennal vessels. However, apparently this structure cannot be homologized with the antennal vessels of other taxa (Pass et al., 2006) . As aquatic larvae originated multiple times (Grimaldi and Engel, 2005 ) the antennal vessels of odonate larvae may have evolved independently (Pass, 2000) and may represent another specialization and autapomorphy of this group.
The structure of the lacinia is an apparent autapomorphy of Palaeoptera. In particular, the mesally directed dentisetae are unique among winged insects. Mesally directed hyaline lamellae at similar position are usually present in Zygentoma (M. Koch pers. obs.), but these are flat, unsclerotized, strictly arranged in one row along the mesal edge, and more numerous than the dentisetae in palaeopterans. The hyaline lamellae in Zygentoma show more structural similarities to the aboral row of setae in Ephemeroptera (Staniczek, 2001 ) that occur at the same position on the lacinia besides dentisetae.
Rejection of alternative hypotheses
Two recent studies of the mitochondrial genome (Lin et al., 2010; Zhang et al., 2010 ) placed a clade Ephemeroptera + Plecoptera as sister group to all the remaining neopterans, thus rendering Neoptera paraphyletic. The authors claim that ''the non-monophyly of the Neoptera is not strongly supported and needs further investigation'' (Lin et al., 2010) . Considering the arguments in favour of a monophyletic Neoptera and the weak support of an Ephemeroptera + Plecoptera clade, paraphyletic Neoptera appear extremely unlikely considering the data set presented here (12 additional steps in the parsimony analysis; see Fig. 8d ). Boudreaux (1979) proposed direct sperm transfer and the dominant role of indirect flight muscles as potential synapomorphies of Ephemeroptera + Neoptera (= Chiastomyaria). As pointed out above, it is not possible to determine the polarity of the latter character due to the lack of a suitable outgroup. The indirect sperm transfer of all primarily wingless hexapods is definitely not homologous to the indirect sperm transfer of Odonata (Witte and Doring, 1999) . Therefore, also in this case, the polarity of the character remains ambiguous. None of the characters analysed here was a potential autapomorphy of ''Chiastomyaria'' and to enforce this clade eight additional steps are required in our analysis (Fig. 8c) .
Weakened support for Metapterygota
The third possible combination, a clade comprising Neoptera and Odonata (= Metapterygota; Fig. 3b ) (Staniczek, 2001 ) is favoured by most morphologists (Grimaldi and Engel, 2005; Klass, 2007; Kristensen, 1981 Kristensen, , 1991 and was also supported in several molecular studies (Plazzi et al., 2011; Terry and Whiting, 2005; Zhang et al., 2008) . Arguments in favour of this hypothesis are the suppression of the imaginal moult, additional tracheal supply of each wing and pterothoracic leg from the spiracle of the following segment, paired female gonopores, a posteriorly closed heart, loss of long terminal filaments, suppression of the hypopharyngeal superlinguae, and a series of interrelated modifications of the mandible. The Palaeoptera hypothesis supported by the characters analysed here implies that the presumptive metapterygote apomorphies have evolved independently or represent character reversals. It is conceivable that the winged subimago was lost independently in Odonata and Neoptera, and it was even discussed that this mode of development may have evolved several times in the winged stages (Kristensen, 1991; Kukalova-Peck, 1978) . Paired female gonopores are a secondary feature of Ephemeroptera (Boudreaux, 1979) . A posteriorly closed heart also occurs in Collembola and Protura, which makes the polarity assessment ambiguous (Klass, 2007; Pass et al., 2006) . Superlinguae-like structures also appear in dermapterans but their homology to superlinguae in basal hexapods is highly controversial. A double tracheal supply of each wing and leg, stated as an autapomorphy for Metapterygota, is also present in some ephemeropterans (Klass, 2007; Kristensen, 1975) , and the mayfly Epeorus possesses a short and slender posterior leg trachea, which is not connected to the anterior one (Chapman, 1918) . Staniczek (2000 Staniczek ( , 2001 proposed an entire series of characters concerning the mandibular articulation, including anterior (66) and posterior ball-and-socket joints (68), a lateral shift of the anterior tentorial pit resulting in the presence of a subgenal ridge (8), and the loss of three mandibular muscles (69, 0md2; 71, 0md5; 72, 0md7) . In contrast to StaniczekÕs findings, our reinvestigation of head structures of three odonatan representatives shows that the muscle equipment is the same as in mayflies, with the exception of M. craniomandibularis externus anterior (70, 0md2) . Besides this, odonatans possess an entire series of muscles, which belong to the insect groundplan (0hy4, 0hy5, 0hy12, 0la15) but are absent in Ephemeroptera. Additionally, Archaeognatha also possess a posterior mandibular ball-and-socket joint. Therefore, this character complex is ambiguous and does not support Metapterygota (or an alternative concept). The aquisition of a cylindershaped joint in the stem group of Dicondylia would require a modification to a ball-and-socket joint in Metapterygota. A cylinder-shaped posterior joint as an independent modification in Zygentoma and Ephemeroptera, respectively, would imply the presence of a ball-and-socket joint in the entire stem group of Pterygota.
Mayfly head morphology partly reassessed
Numerous studies have addressed the anatomy of the ephemeropteran head [Siphlonuridae: Scho¨nmann (1981) ; Heptageniidae: Strenger (1954) ; Palingeniidae: Strenger (1970) ; Ephemeridae: Strenger (1975) ; Euthyplociidae: Strenger (1977) ] and selected substructures (Hudson, 1951) . Staniczek (2000 Staniczek ( , 2001 reviewed and homologized head structures of Ephemeroptera and reconstructed the groundplan based on an investigation of Oniscigaster wakefieldi McLachlan, 1873 . Staniczek (2000 had to rely on larval morphology, as the mouthparts of adult mayflies are strongly reduced (Edmunds, 1988; Simm, 1914) , and we followed this approach here. Generally, the comparison of characters of different life stages is problematic and a potential source of phylogenetic misinterpretations. However, the alternative, i.e. the use of adult head structures, would have been more problematic, as many characters would have been inapplicable for mayflies.
Our data corroborate that a distinct channel-like anterior mandibular joint (''Rinnengelenk'' fide Staniczek, 2000; ''slider'' fide Kukalova´-Peck, 1991) and the absence of a salivary system are defining features of ephemeropteran head organization. An orthognathous head orientation, together with three-segmented maxillary palps (muscles 0mx13-15 absent) and the fusion of galea and lacinia are additional features of the ephemeropteran head groundplan.
In contrast to Staniczek (2000) , we consider the cuticular ridge interconnecting the anterior tentorial pits to be an epistomal ridge (er, Fig. 1 ). MicroCT data clearly show a strengthening of the cuticle in this region. The clypeus by definition is located ventral to the epistomal ridge (Jacobs and Seidel, 1975; Seifert, 1995; Torre-Bueno et al., 1989) , which implies that StaniczekÕs ''postclypeus'' belongs to the frons. We hypothesize that the evolution of dicondyly requires the modification of other head parts as well. The formation of an epistomal ridge is one of these modifications. In agreement with Staniczek (2000 Staniczek ( , 2001 , we found no indication of a subgenal ridge in Zygentoma and Ephemeroptera as is present in Odonata and Neoptera. This structure seems to be directly associated with a ball-and-socket articulation, resulting in a fixed axis of movement and increased biting forces in the transverse plane (Staniczek, 2001 ).
A partly revised interpretation of odonate head morphology
As already pointed out in the Introduction, the cephalic morphology of Odonata is understudied and its interpretation is subject to controversy (Asahina, 1954; Mathur and Mathur, 1961; Short, 1955; Staniczek, 2000; Strenger, 1952; Tillyard, 1917) . In contrast to the present contribution (see Data S1), in all earlier studies only subsets of the musculature are described. With the exception of M. craniomandibularis externus anterior (0md2), which is absent in Odonata and Neoptera, the mandibular muscle equipment is similar in both Ephemeroptera and Odonata ( Fig. 3 ; Data S1 and S4).
As active predators which feed during flight, Odonata are characterized by some unique specializations such as the head arrester system (Gorb, 1999) , the extremely large compound eyes with a very high number of ommatidia, and mouthparts with fused lobes (75 : 1), shortened palps (86 : 2, 102 : 1) and moveable labial hooks (105 : 1). The homology of the labial and maxillary lobes was discussed, for example, by Tillyard (1928) and Asahina (1954) . Our data support the latterÕs view that the labial lobes represent a pair of fused glossae and paraglossae. In the anisozygopteran Epiophlebia superstes, the distal edge of these lobes bears two appendages on each side. We interpret these as vestiges of glossae and paraglossae based on the incomplete fusion of these structures. Asahina (1954) referred to the labial part bearing the lateral lobes as ''mentum'' and the more proximal part as the ''submentum''. This view implies a bilobed prementum (the lobe and the prementum as termed in the present article) and the loss (instead of a fusion) of the galea and lacinia. We do not follow this interpretation based on the insertion of M. submentopraementalis (0la8), which generally defines the posterior margin of the prementum.
The labial palps of odonates underwent some unique specializations, more conspicuous in the larvae, but still distinct in the adult despite the strongly modified function. They are characterized by the reduction of the number of palpomeres (102 : 1) together with a dorsoventral flattening (103 : 1), a drastically increased length (104 : 0), and moveable spine-like hooks (105 : 1) devoid of muscles. Due to their flat shape and the increased stiffness (realized by palpomere reduction) the palps are very well suited to counter the high transverse mechanical strain produced when catching and clamping prey. The hooks function as spines for penetrating and fixing the prey.
In the maxilla the outer lobe can be homologized with the palpus based on the muscle insertions (0la13, 0la14). We consider the mesal lobe as the lacinia. It was shown in a developmental study that no galea is formed in the embryo (Ando, 1962) . Additionally, there is no trace of muscles in the adult or larval stages. Thus, we conclude that the galea is completely reduced in Odonata. Accordingly, we refute the term ''galeolacinia'', which implies a fusion of the outer and inner endite lobes (Ax, 1999) . Staniczek (2000 Staniczek ( , 2001 demonstrated that mayflies, albeit also lacking galeal muscles, exhibit a ''real'' galeolacinia containing elements of both endite lobes. Both are clearly distinguishable and connected along their entire length by a membranous field. Thus, the loss of M. stipitogalealis (0mx7; 88 : 1) is a potential synapomorphy of Ephemeroptera and Odonata.
Wing-like tentorial processes reaching inside the lumen of the mandible (49 : 1) have not yet been encountered in neopterans. They are shared with Lepisma and other Zygentoma (Koch, 2003) , but we found no comparable structures in the examined ephemeropterans and there are no records in the literature (Staniczek, 2001; Strenger, 1952 Strenger, , 1954 Strenger, , 1970 Strenger, , 1975 . Consequently, these tentorial protuberances are a potential autapomorphy of Odonata.
In summary, incomplete, inaccurate, and misinterpreted information on the head of Odonata was one of the main reasons for the widely accepted Metapterygota hypothesis. Our reassessment of the odonate head morphology clearly shows that dragonflies lack some of the metapterygotan features formerly proposed in the literature.
Conclusions and outlook
The present investigation shows, in contrast to earlier studies, that characters of the head support a Palaeoptera clade. The three main possibilities, Palaeoptera, Chiastomyaria, and Metapterygota, are supported by arguments derived from different body parts. Each option implies homoplasy in some of these characters. A principal problem related to far-reaching evolutionary transformations in the early evolution of Pterygota is the problematic or impossible polarity determination of several thoracial and abdominal characters, due to the absence of corresponding features in all potential apterygote outgroups. These problems can be avoided by evaluating characters of the head, the approach followed in this study. As shown earlier (see, for example, Beutel and Baum, 2008; Beutel et al., 2010 ) the evaluation of a limited character system can easily lead to erroneous phylogenetic results. Therefore, the results presented here should be critically re-evaluated in the framework of very broad analyses, especially of extensive molecular data. Past morphological studies gave the impression that the basal splitting events of winged insects are based on robust theories derived from mandible anatomy. The present study shows that this is by no means true. Even though the phylogenetic hypothesis presented here may be preliminary, the well-documented data will allow a better understanding of character transformations in the early evolution of Pterygota. A stepwise progress in this direction will also reveal possible interconnections of different characters and character systems (hidden character weighing) and features which require more detailed investigations. This process will probably lead to a well-founded and detailed evolutionary scenario of the winged insects, arguably the most successful group of organisms. Hamburg) and 20110069 (SLS, Villigen, Switzerland). Irina Ruf (Steinmann Institute, Bonn, Germany) enabled microCT investigations at the Steinmann Institute. Claudia Etzbauer, Manuela Thelen, and Johannes Dambach (all ZFMK) provided excellent support in the laboratory and field. The program TNT is being made available with the sponsorship of the Willi Hennig Society.
